Replicating DNA molecules of adenovirusassociated virus (AAV) were selectively extracted' from KB cells coinfected at 39.5°with a DNA minus, temperature-sensitive mutant of adenovirus 5 (ts125) as helper. Under (11, 12) . The Ad5 inocula were cell-free concentrates (12); the AAV-2 inoculum consisted of heated, CsCI-purified virus (11). Ad-AAV coinfection multiplicities were 5 TCID50 and 2 TCID5o units per cell. (TCID50 is the 50% tissue culture infective dose.)
Adenovirus-associated viruses (AAV) contain single-stranded, linear DNA with a molecular weight of about 1.4 X 106 (1). They are defective parvoviruses that multiply only in cells coinfected with a helper adenovirus that may provide one or more factors required for AAV DNA synthesis (2) . There are two unusual genetic features of the AAV: (a) plus or minus DNA strands are separately packaged in progeny virions and (b) both of these complementary strands possess an inverted terminal repetition-100-200 nucleotides in length (3) (4) (5) (6) . The function of the repetitious sequences is not definitely known, but their location and the possibility that they contain a terminal palindrome suggest a role in DNA synthesis (5, 7) . Furthermore, this repetition may relate to adenovirus dependence, since the adenovirus genome is the only other viral DNA known to possess a similar type of terminal redundancy (8) (9) (10) .
The present study was undertaken to characterize AAV DNA replicative intermediates (RI). Our work was facilitated by using a DNA minus, temperature-sensitive mutant of adenovirus 5 (ts125) as helper. Ts125 supports normal AAV multiplication at the restrictive temperature (39.50), but there is little or no detectable adenovirus DNA synthesis (11) . Thus, when selectively extracted by a modification of the Hirt procedure, replicating components of AAV DNA are essentially free of contaminating adenovirus DNA (11) . In this report we present a detailed analysis of such extracts in neutral and alkaline sucrose density gradients. The (11, 12) . The Ad5 inocula were cell-free concentrates (12) ; the AAV-2 inoculum consisted of heated, CsCI-purified virus (11) . Ad-AAV coinfection multiplicities were 5 TCID50 and 2 TCID5o units per cell. (TCID50 is the 50% tissue culture infective dose.)
Labeling and Extraction of DNA. AAV-2 DNA was pulse-labeled with [3H]thymidine (50 Ci/mmol) added to cultures (10 0Ci/ml) at 16 hr after infection for intervals specified in individual experiments.
[3H]Thymidine chases were performed by pelleting pulse-labeled, infected cells at 600 X g and resuspending cells in warmed growth medium supplemented with thymidine, 100 ,4g/ml, and 2'-deoxycytidine, 10 ,ug/ml. These conditions permit continued DNA synthesis without further incorporation of [3H]thymidine (13) . Methods for extracting whole cell DNA and DNA from purified virus preparations have been published (14) . The selective recovery of viral DNA from infected cells was accomplished by a modification of the Hirt procedure (11) . DNA was extracted from pellet fractions as described for whole cell DNA except that pellets were first heated to 80°i n 0.5 M NaOH and then neutralized.
Analysis and Recovery of DNA Components. Components of viral DNA synthesis were analyzed in 5-30% neutral sucrose gradients (containing 0.01 M Tris, 0.1 M NaCl, 0.001 M EDTA, 0.1% Sarkosyl, pH 8.0) and 10-30% alkaline sucrose gradients (containing 0.3 M NaOH, 0.7 M NaCl, 0.001 M EDTA, 0.1% Sarkosyl) centrifuged in an SW41 rotor at 100 for 8 hr at 40,000 rpm and 12 hr at 40,000 rpm, respectively. Similar gradients were used to recover preparative amounts of specific DNA components. Gradient fractionation and assay of radioactivity were described previously (11) .
The fraction of DNA molecules that contained self-com- longer than progeny strands. The location of long molecules with respect to the neutral sucrose sedimentation profile proved to be interesting (Fig. 2) . When fractions in the 15S region from a preparative neutral sucrose gradient of the DNA after the 2-min pulse were pooled and sedimented in alkaline sucrose, about half of this DNA (unit length duplex DNA in neutral sucrose) sedimented faster than 16S unit length single strands, with a distinct peak at 21S which is twice unit length size (Fig. 2B) . Additionally, at least half of the 16-21S DNA from the neutral gradient also sedimented faster than unit length strands ( Fig. 2A) , whereas most of the 10-12S DNA sedimented more slowly (Fig. 2C) III) (Fig. 3) . Fig. 4 shows neutral and alkaline sucrose sedimentation patterns of AAV DNA in the Hirt supernatant (A and C) and the DS III BND-cellulose fraction (B and D). The DS III alkaline gradient (D) demonstrates a marked enrichment for DNA sedimenting faster than unit length with a pronounced peak sedimenting as molecules that were twice unit length (21 S). To define more clearly the nature of these long molecules, we pooled fractions from the neutral sucrose gradient of rapidly reassociated DNA, as indicated in Fig. 4B , and each pool was sedimented in alkaline sucrose, as shown in Fig. 5 . Double-stranded DNA that sedimented ahead of unit length duplexes in neutral sucrose (pool 1) mostly consisted of strands greater than unit length (Fig. 5A) , and about two-thirds of molecules that sedimented in the region of unit length duplexes (pool 2) were also longer than unit length strands (Fig. 5B) twice unit length. Finally, fractions from the first gradient corresponding to a tetramer (27 S) were combined (Fig. 5A , pool I) as well as peak fractions from the second gradient corresponding to a dimer (Fig. SB, pool II) and each pool was resedimented in neutral and alkaline sucrose (Fig. 6.) . Comparison of the respective neutral and alkaline sedimentation patterns indicates that on neutralization the denatured molecules can fold into duplex structures of approximately half single strand length. The most likely structure of molecules with these sedimentation properties would be linear strands composed of covalently end-to-end linked plus and minus strands of AAV DNA. The bimodal sedimentation pattern observed in the neutral gradient of pool I DNA (Fig.  6A ) may have arisen because of different folding configurations possible with a tetramer composed of alternating plus and minus strands (i.e., the 18S component would represent a linear hairpin twice unit length, whereas the 21S component might represent a branched duplex form).
Further evidence that replicating DNA can exist as a hairpin structure was obtained by Si nuclease digestion of the rapidly reassociated unit length duplexes. A hairpin molecule would necessarily have several unpaired bases in the hairpin loop, and Si nuclease, which is highly specific for single-stranded DNA, would be expected to cleave this loop. Denaturation of treated molecules should then give rise to unit length single strands. Fig. 7 shows alkaline sucrose gradients of rapidly reassociated unit length duplexes before and after Si nuclease treatment. Clearly, molecules that sediment in alkaline sucrose as 21S dimers are cleaved by SI nuclease to molecules that sediment as 16S unit length strands.
DISCUSSION
Little is known concerning the actual DNA synthetic mechanism of any parvovirus, because the structures of replicating DNA molecules have not been sufficiently characterized. In the case of minute virus of mice and Kilham rat virus (both nondefective parvoviruses) there is evidence for a linear, duplex replicating intermediate (19, 20) . For min- Treatment of dimer length strands of rapidly reassociating AAV replicating DNA with S1 nuclease. Dimer strands obtained as in Fig. 6D were further purified by sedimentation through neutral sucrose. The unit length duplex peak was collected and dialyzed into 0.01 M Tris-0.01 M NaCl, pH 7.5. Portions of this DNA were treated with 2, 5, or 10 til of S1 nuclease (1600 units/ml), and the samples as well as untreated DNA were analyzed in alkaline sucrose. Only the sample treated with 5 1A of S1 nuclease is shown, since all three enzyme concentrations gave identical sedimentation patterns. Cosedimented marker SV40
[14C]DNA radioactivity is plotted with a dashed line.
ute virus of mice, some of these molecules were shown to be capable of spontaneous, intramolecular renaturation, but the specific structural feature responsible for renaturation was not defined. This observation, however, prompted the speculation that minute virus of mice DNA synthesis might be mediated by a self-primed hairpin intermediate (19) .
Our results indicate that AAV DNA RI contain continuous linear strands whose lengths may reach or possibly exceed four times the length of progeny strands, and that these long molecules appear to be concatemers composed of alternating plus and minus strands. Of the population of concatemers capable of self-annealing into completely or almost completely double-stranded molecules, the relatively largest and most discrete fraction consists of dimers that presumably exist as linear hairpin structures in vivo (Fig. 2B) . Longer DNA concatemers might also possess this same conformation during DNA replication. However, other structures are possible, and branched molecules can be found when preparations of RI isolated by BND-cellulose chromatography are examined in the electron microscope (E. Sebring, unpublished results). Although we are not yet able to exclude a rolling circle mechanism for AAV DNA synthesis, electron microscopic studies of AAV DNA RI do not support this possibility.
The observations that (a) the immediate precursor of progeny strands is a unit length duplex (Fig. 1), (b) Fig. 8A . The self-complementary terminal segments of AAV DNA strands (5) are postulated to contain a palindromic sequence (7) which could fold back on itself to form a short duplex region. The 3' end of one or both strands could then serve as a primer for synthesis of the complementary strand, generating a hairpin. Based on this mechanism, one of several possible models for synthesis of single-stranded progeny molecules is depicted in Fig. 8B and C. Fig. 8B shows how the hairpin molecule ( Smith (21). After a nick (arrow) near the closed end of the hairpin, the 5-ended segment, containing a full complement of terminal sequences, becomes available as a template for completing the other strand by 5'-3' synthesis. A plus or minus strand could then be generated from the resulting duplex intermediate by displacement synthesis, which again involves self-priming (Fig. 8C) . Initiation of displacement synthesis by either strand in the duplex template may relate to the presence of identical molecular ends, a consequence of the inverted repetition (5) . The unit length hairpins produced along with single strands could be processed (Fig. 8B) to provide more templates for displacement synthesis. Consistent with the expectation that a connecting loop would occur at either end of the hairpin molecule (Fig. 8C) , we have recently found that when unit length hairpins are cleaved by endonuclease R.EcoRI (22) , and then denatured, approximately half of both right-and left-end fragments undergoes rapid renaturation (unpublished results). Although hairpin molecules have not been identified as intermediates in adenovirus DNA replication, it is notable that these AAV helpers also utilize displacement synthesis to produce their own DNA (23) .
Evidence that most of the radioactivity in unit length hairpins moves into unit length single strands during a chase indicates that these hairpin molecules are directly converted to templates for displacement synthesis. An alternative pathway may account for plus-minus concatemers of greater than twice unit length (Fig. 8D) . The 3' end of a unit length hairpin would displace the 5' end of its complementary strand, priming the synthesis of a hairpin twice unit length (or longer).t Such molecules might then be cleaved by a staggered cut (arrows) as proposed for T7 DNA (24) , and the 3' ends regenerated by 5'-3' synthesis giving a unit length linear duplex (with complete ends) and hairpin.
Processing of concatemers to unit length single strands (Fig. 1) implies the presence of a sequence-specific endonuclease(s) which might act as suggested in Fig. 8B and D. This activity could reside in an AAV, adenovirus, or cellular protein and is specially notable because a restriction-like endonuclease has not yet been isolated from an animal cell.
